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(54) Logic circuit and its fabrication method 

(57) A logic circuit (C1) having a first logic gale (L4- 
L9) and the remaining logic gate or gates (L1-L3). The 
first logic gate (L4-L9) is interposed in a signal path 
determining an operating speed, and includes at least 
one first MOS transistor (42) which has a threshold volt- 
age lower than a predetermined voltage and operates at 
a high speed. The remaining logic gate or gates (LI -L3) 
include at least one of a second MOS transistor (22, 23) 
and a third MOS transistor (12) as a transistor having a 

ClsCBOS LOGIC CIRCUIT 



margin for operating speed. The second MOS transistor 
(22, 23) has a middle threshold voltage equal to or 
greater than the predetermined voltage, and the third 
MOS transistor (12) has a high threshold voltage equal 
to or greater than the predetermined voltage. The power 
consumption of the entire logic circuit at the time of 
operation is reduced, while maintaining the maximum 
operating speed. 



LI 



OUT 



LO GIC . 
CIRCUIT 1 



LO GIC 
CIRCUIT 



-mi 



L9 



LO GIC 
CIRCUIT 



L3 



JB2 



tjj LO GIC S, 
| C IRCU IT 1 

L8 



LOGIC 

circuit! 



LOGIC 



L7 



H LO GIC | 
CIRCUIT 



^ LOGIC L 
nClRCUXTj 

h 



L6 



LOGIC 
CIRCUIT 

L5 



IB5 



F1G.1 



Pruned Cry Rank Xerox (UK) Business Services 
2 U.ZtfJ* 



BNSOOCIO: <EP 0609362A2J_> 



I 



EP 0 809 362 A2 

Description 

The present invention relates to a logic circuit and its fabrication method, and more particularly to a circuit structure 
for implementing a low power consumption CMOS logic circuit. 
5 A CMOS circuit structure is widely employed in a field such as a mobile telecommunication system whose use is 
made of low power consumption LSIs with a supply voltage of one or less volt. 

Fig. 22 is a circuit diagram showing a conventional CMOS logic circuit. In Fig. 22, a CMOS logic circuit C1 1 is com- 
posed of a high threshold voltage pMOS transistor 81 . a low threshold voltage pMOS transistor 82, and a low threshold 
voltage nMOS transistor 83. In other words, the CMOS logic circuit C1 1 is composed of MOS transistors with the high 
10 threshold voltage and low threshold voltage. 

The conventional CMOS logic circuit C1 1 has a high operating speed because it uses low threshold voltage MOS 
transistors 82 and 83. In addition, smaller leakage current flows through the low threshold voltage MOS transistors 82 
and 83 in a sleeping mode than in an operating mode, since the pMOS transistor 81 is kept OFF. This can reduce a 
consumed by the low threshold voltage MOS transistors 82 and 83 in the sleep mode. 
is In the CMOS logic circuit C1 1 . however, a leakage cunent flows through the MOS transistors 82 and 83. since the 
pMOS transistor 81 is turned on in the operation mode, and the leakage current causes the power loss. Thus, the con- 
ventional CMOS logic circuit C1 1 has a problem in that it cannot prevent a power loss in an operation mode. 

It is, therefore, an object of the present invention to provide a logic circuit capable of reducing the power consump- 
tion in the operation mode, while maintaining a high operating speed like the conventional circuit. 
20 It is another object of the present invention to provide a fabrication method of the logic circuit without increasing the 
process steps. 

In a first aspect of the present invention, there is provided a logic circuit comprising: 

a first logic gate having at least one first MOS transistor and interposed in a signal path determining an operating 
25 speed, the first MOS transistor having a threshold voltage lower than a predetermined voltage and operating at a 
high speed; and 

one or plural remaining logic gates other than the first logic circuit having at least one of a second MOS transistor 
and a third MOS transistor as a transistor having a margin for operating speed, the second MOS transistor having 
a middle threshold voltage equal to or greater than the predetermined voltage, and the third MOS transistor having 
30 a high threshold voltage equal to or greater than the predetermined voltage. 

The logic circuit may further comprise a fourth MOS transistor having a high threshold voltage interposed between 
a main power supply line and a terminal of at least one of the first and second MOS transistors on the side of a high 
potential power supply line. 

35 At least one first MOS transistor in the first logic gate may include a fifth MOS transistor constituting a transfer gate 
interposed in the signal path, and a sixth MOS transistor for controlling the fifth MOS transistor, and one or plural 
remaining logic gate may include a second logic gate for determining an output of the fifth MOS transistor, and a third 
logic gate for controlling the sixth MOS transistor. 

The sixth MOS transistor may have its drain terminal connected to a gate terminal of the fifth MOS transistor, its 
40 source terminal connected to an output terminal of the third logic gate, and its gate terminal connected to one of the 
high potential power supply line and the main power supply line on the ground. 

The f irst, second and third MOS transistors may have a SOI structure, and at least one of the low threshold voltage 
first MOS transistor and the middle threshold voltage second MOS transistor may be a fully depleted MOS transistor. 
The MOS transistors may have a SOI structure, at least one of the low threshold voltage first MOS transistor and 
45 the middle threshold voltage second MOS transistor may be a fully depleted MOS transistor, and the high threshold volt- 
age third MOS transistor may be a fully depleted MOS transistor. 

The fifth MOS transistor may be a first firstK»rxluctivrty-type-channel MOS enhancement transistor having a 
source connected to a signal input terminal of the transfer gate, and a drain connected to a signal output terminal of the 
transfer gate, the sixth MOS transistor may be a second first KX)ndurtrvity-type-channel MOS enhancement transistor 
so having a source connected to an output terminal of the third logic gate, a drain connected to a gate of the first f irst-con- 
ductivity-type-channel MOS enhancement transistor, and a gate connected to the high potential power supply or the 
ground, and a body of the first first-conductivity-type-channel MOS enhancement transistor and a body of the second 
first-corxiucti\%-type-channel MOS enhancement transistor may be both made floating. 

The first f irst-corxluctivrty-typeK^annel MOS enhancement transistor and the second f ii^t-conductivrty-type-chan- 
55 nel MOS enhancement transistor may have a SOI structure. 

The first f irst-conductrvfty-type-channel MOS enhancement transistor and the second f irsl-conductivrry-type-chan- 
nel MOS enhancement transistor may be of fully depleted type. 

One or plural remaining logic gates may include a full adder for performing addition by receiving first and second 
input signals and a carry signal, the carry signal being supplied to the transfer gate, the third logic gate may control to 
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determine whether or not the carry signal is output from the transfer gate in response to the first and second input sig- 
nals, and the second logic gate may generate as an output of the transfer gate an output predetermined in accordance 
with the first and second input signals when the carry signal is not output from the transfer gate in response to the first 
and second input signals. 

5 At least one first MOS transistor having a lower threshold voltage may include a first and a second first-conductivity- 

type-channel enhancement MOS transistors, the first first-conductivity-type-channel enhancement MOS transistor hav- 
ing a source connected to a signal input terminal, and a drain connected to a signal output terminal; and the second 
first-conductivity-type-channel enhancement MOS transistor having a source connected to a control terminal, a drain 
connected to a gate of the first first-conductivity-type-channel enhancement MOS transistor, and a gate connected to a 

io high potential power supply on the ground, the first and second first-conductivity-type-channel enhancement MOS tran- 
sistors, whose bodies are made floating, may constitute a switching circuit as a transfer gate. 

In a second aspect of the present invention, there is provided a fabrication method for fabricating a logic circuit 
including a first logic gate having at least one first MOS transistor and interposed in a signal path determining an oper- 
ating speed, the first MOS transistor having a threshold voltage lower than a predetermined voltage and operating at a 

75 high speed; and 

one or plural remaining logic gates other than the first logic circuit having at least one of a second MOS transistor 
and a third MOS transistor as a transistor having a margin for operating speed, the second MOS transistor having 
a middle threshold voltage equal to or greater than the predetermined voltage, and the third MOS transistor having 
20 a high threshold voltage equal to or greater than the predetermined voltage, 
the fabrication method comprising the steps of: 

(A) forming MOS device regions for forming MOS transistors having low, middle and high threshold voltages, 
the MOS device regions being isolated from each other; 
25 (B) implanting impurity for a low threshold into the MOS device regions for forming the MOS transistors having 

the low and high threshold voltages; and 

(C) implanting impurity for a middle threshold into the MOS device regions for forming the MOS transistors hav- 
ing the middle and high threshold voltages. 

30 The step (A) may form in the MOS device regions first and second conductivity type MOS device regions, and the 
steps (B) and (C) may be carried out in the first conductivity type MOS device regions, and subsequently the steps (B) 
and (C) may be carried out in the second conductivity type MOS device regions. 

In a third aspect of the present invention, there is provided a fabrication method for fabricating a logic circuit includ- 
ing a first logic gate having at least one first MOS transistor and interposed in a signal path determining an operating 

35 speed, the first MOS transistor having a threshold voltage lower than a predetermined voltage and operating at a high 
speed; 

one or plural remaining logic gates other than the first logic circuit having at least one of a second MOS transistor 
and a third MOS transistor as a transistor having a margin for operating speed, the second MOS transistor having 
40 a middle threshold voltage equal to or greater than the predetermined voltage, and the third MOS transistor having 
a high threshold voltage equal to or greater than the predetermined voltage; and 

a fourth MOS transistor having a high threshold voltage interposed between a main power supply line and a termi- 
nal of at least one of the first and second MOS transistors on the side of a high potential power supply line, 
the fabrication method comprising the steps of: 

45 

(A) forming MOS device regions for forming MOS transistors having low. middle and high threshold voltages, 
the MOS device regions being isolated from each other; 

(B) implanting impurity for a low threshold into the MOS device regions for forming the MOS transistors having 
the low and high threshold voltages; and 

so (C) implanting impurity for a middle threshold into the MOS device regions for forming the MOS transistors hav- 

ing the middle and high threshold voltages. 

The above and other objects, effects, features and advantages of the present invention will become more apparent 
from the following description of the embodiments thereof taken in conjunction with the accompanying drawings. 

55 

Rg. 1 is a block diagram showing a first embodiment of a logic circuit in accordance with the present invention; 
Fig. 2 is a circuit diagram showing a specif ic embocfiment of a logic gate in the logic circuit L1 in Rg. 1 ; 
Rg. 3 is a circuit diagram showing a specific embodiment of a logic gate in the logic circuits L2 and L3 in Rg. 1 ; 
Rg. 4 is a circuit diagram showing a specif ic embodiment of a logic gate in the togic circuits L4-L9 in Rg. 1 ; 
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Fig. 5 is an explanatory diagram illustrating symbols of nMOS and pMOS transistors, each having low, middle and 
high threshold voltages respectively; 

Figs. 6A and 6B are plan and cross-sectional views, respectively, showing MOS transistors with low, middle and 
high threshold voltages used in the logic circuit in accordance with the present invention; 
5 Figs. 7A and 7B are cross-sectional views showing a fabrication process of the MOS transistors shown in Figs. 6A 

and 6B in accordance with the present invention; 

Figs. 8A and 8B are plan views showing the masks for low and middle ion implantation used in the fabrication proc- 
ess shown in Figs. 7A and 7B; 

Figs. 9A-9J are cross-sectional views illustrating a specific embodiment of the process steps shown in Figs. 7A and 
w 7B; 

Rg. 10 is a characteristic diagram illustrating relationships between the impurity concentration in a channel region 
and a threshold voltage; 

Rg. 1 1 is a block diagram showing a second embodiment of a logic circuit in accordance with the present invention; 

Fig. 12 is a block diagram showing a third embodiment of a logic circuit in accordance with the present invention; 
15 Fig. 13 is a circuit diagram showing a specific embodiment of a logic gate in the circuit blocks B1 and B2 in Fig. 12; 

Fig. 14 is a circuit diagram showing a specific embodiment of a logic gate in the circuit block B3 in Fig. 12; 

Fig. 15 is a circuit diagram showing a modification of the logic gate in the circuit block B1 in Fig. 12; 

Rg. 16 is a characteristic diagram comparatively illustrating relationships between the number of fan-outs and 

delay times of a two-input NAND gate composed of three types of MOS transistors with low, middle and high 
20 threshold voltages; 

Fig. 1 7 is a circuit diagram showing a full adder as a fourth embodiment of a logic circuit in accordance with the 
present invention; 

Figs. 18A and 18B are diagrams plotting voltages at various terminals based on circuit simulation when using high 
threshold voltage transistors as the MOS transistors of the switching circuit SW; 
25 Rgs. 19A and 19B are cfiagrams plotting voltage at various terminals based on circuit simulation when using low 
threshold voltage transistors as the MOS transistors of the switching circuit SW; 
Fig. 20 is a block diagram showing a 4-bit adder composed of the full adders as shown in Fig. 1 7; 
Rg. 21 is a circuit diagram showing a full adder as a fifth embodiment of a logic circuit in accordance with the 
present invention; and 

30 Fig. 22 is a circuit diagram showing an example of a conventional CMOS circuit. 

The present invention will now be descrbed with reference to the accompanying drawings. 
EMBODIMENT 1 

35 

Rg. 1 is a block diagram showing a first embodiment of a logic circuit C1 in accordance with the present invention. 

In Fig. 1 , a CMOS logic circuit C1 is a combination logic circuit composed of logic circuits L1-L9. The logic circuits 
L4-L9 are each composed of logic gates using low threshold voltage MOS transistors, and the operating speed of the 
CMOS logic circuit C1 is determined by the logic circuits L4-L9. 
40 Rg. 2 is a circuit diagram showing a logic gate in the logic circuit L1 in the CMOS logic circuit C1 , which is com- 
posed of high threshold voltage MOS transistors 1 1 and 12. 

Rg. 3 shows a specific embodiment of a logic gate in the logic circuits L2 and L3 in the CMOS logic circuit C1 . 

The logic gate in the logic circuit L2 includes a series connection of a middle threshold voltage pMOS transistor 22 
and a middle threshold voltage nMOS transistors 23. The power supply V DD is connected to a virtual high potential 
45 power supply line (Virtual V DD ) 24 through a high threshold voltage pMOS transistor 21 . The other terminal of the mid- 
dle threshold voltage nMOS transistor 23 is connected to the ground potential GND. The logic circuit L3 in the CMOS 
logic circuit C1 is also composed in the same fashion as the logic circuit L2. 

Rg. 4 shows a specific embodiment of a logic gate in the logic circuits L4-L9 in the CMOS logic circuit C1 . 

The logic gate of the logic circuit L4 includes a series connection of a low threshold voltage pMOS transistor 42 and 
so a low threshold voltage nMOS transistor 43. The power supply V DD is connected to a virtual high potential power supply 
line (Virtual V DD ) 44 via a high threshold voltage pMOS transistor 41. The other terminal of the low threshold voltage 
nMOS transistor 43 is connected to the ground potential GND. The logic circuits L5-L9 in the CMOS logic circuit C1 are 
each composed in the same fashion as the logic circuit L4. 

Rg. 5 illustrates the symbols of the nMOS transistors and pMOS transistors as shown in Rgs. 1-4, for the respec- 
55 tive three types of threshold voltages. 

In the CMOS logic circuit C1, the logic circuits LI. L2 and L3 have a margin for speed, and are each composed of 
middle threshold voltage MOS transistors or high threshold voltage MOS transistors. The middle threshold voltage MOS 
transistors or high threshold voltage MOS transistors have a lower leakage current in the operation mode compared 
with the low threshold voltage transistor, so that the power consumed is reduced by an amount corresponding to the 



4 



BNSDOCtD: <EP 06O9362A2J_> 



EP0 809 362 A2 

low leakage current in the operation mode. Accordingly, the total power consumption of the CMOS logic circuit C1 is 
reduced by an amount equal to the reduced power consumption by the logic circuits L1 , L2 and L3. 

Figs. 7A and 7B show a fabrication method in accordance with the present invention, in which the low, middle and 
high threshold voltage nMOS transistors 101 , 102 and 103 are fabricated whose layout patterns are shown in Fig. 6A 

5 and whose cross-sections are shown in Fig. 6B. Here, reference numerals 101-1 , 102-1 and 103-1 designate their gate 
electrodes, 101-2, 102-2 and 103-2 designate their drain regions, and 101-3, 102-3 and 103-3 designate their source 
regions. First the ion implantation of the low threshold impurity is carried out as shown in Fig. 7A by using a low thresh- 
old mask 1 1 1 as shown in Fig. 8A. Second, the ion implantation of the middle threshold impurity is carried out as shown 
in Fig. 7B by using a middle threshold mask 1 12 as shown in Fig. 8B. Thus, channel regions 104, 105 and 106 with low, 

io middle and high impurity concentrations respectively are formed. That is, the low threshold voltage, middle threshold 
voltage and high threshold voltage MOS transistors 101, 102 and 103 are formed which have the layout patterns as 
shown in Fig. 6A and the cross-sections as shown in Fig. 6B. 

Figs. 9A-9J illustrate a specific embodiment of process steps of the fabrication method in accordance with the 
present invention as shown in Figs. 7A and 7B. 

15 The outline of the steps of the fabrication process is as follows: 

(1 ) As shown in Fig. 9A, pMOS device regions 201 and nMOS device regions 202 are formed on a silicon substrate 
200 and isolated from each other. Here, reference numerals 221 and 222 each designate an Si0 2 insulation layer. 

(2) As shown in Rg. 9B, after forming a resist mask M1 with openings corresponding to a high threshold pMOS 
20 device region and a low threshold pMOS device region, the ion implantation of an n-type impurity (phosphorus) is 

carried out by using the mask M1 , thereby forming regions 203, each having an impurity concentration of Npl, near 
the surface of the device regions 201 . 

(3) As shown in Fig. 9C, after forming a resist mask M2 with openings corresponding to a high threshold pMOS 
device region and a middle threshold pMOS device region, the ion implantation of the n-type impurity (phosphorus) 

25 is carried out by using the mask M2, thereby forming a region 204 with an impurity concentration of Npm and a 
region 205 with an impurity concentration of (IMpl+Npm), near the surface of the device regions 201 . Thus, a pMOS 
device region 230 is formed which has the three types of the low, middle and high threshold voltage and whose ion 
impurity concentrations are Npl, Npm and (Npl+Npm), respectively, through steps (2) and (3). 

(4) As shown in Rg. 9D, after forming a resist mask M3 with openings corresponding to a high threshold nMOS 
30 device region and a low threshold nMOS device region, the ion implantation of a p-type impurity (boron) is carried 

out by using the mask M3 t thereby forming regions 206, each having an impurity concentration of Nnl, near the sur- 
face of the device regions 202. 

(5) As shown in Rg. 9E. after forming a resist mask M4 with openings corresponding to a high threshold nMOS 
device region and a middle threshold nMOS device region, the ion importation of the p-type impurity (boron) is car- 

35 ried out by using the mask M4, thereby forming a region 207 with an impurity concentration of Nnm and a region 
208 with an impurity concentration of (Nnl+Nnm), near the surface of the device regions 202. Thus, an nMOS 
device region 240 is formed which has the three types of the low, middle and high threshold values and whose ion 
impurity concentrations are Nnl, Nnm and (Nnl+Nnm), respectively, through steps (4) and (5). 

(6) Subsequently, after forming a gate oxide f am on the surface of the substrate 200, a p-type polysilicon is grown 
40 with doping boron thereinto on the gate oxide film in the pMOS device regions. The p-type polysilicon is patterned 

to form gate electrodes 209 in respective pMOS device regions, as shown in Rg. 9E. 

(7) In a similar way. an n-type polysilicon is grown with doping phosphorus thereinto on the gate oxide film in the 
nMOS device regions. The n-type polysilicon is patterned to form gate electrodes 210 in respective nMOS device 
regions, as shown in Fig. 9G. 

45 (8) As shown in Fig. 9H, after forming a resist mask M5 with openings corresponding to pMOS device regions, the 
ion implantation of the p-type impurity (boron) is carried out, thereby forming high impurity concentration source 
and drain regions 21 1 of the pMOS device. 

(9) As shown in Rg. 91, after forming a resist mask M6 with openings corresponcfing to nMOS device regions, the 
ion implantation of the n-type impurity (phosphorus) is carried out, thereby forming high impurity concentration 

so source and drain regions 21 2 of the nMOS device. 

(10) Then, after growing an insulation layer 223 on the entire surface, electrode windows are opened. Subse- 
quently a wiring metal layer is grown on the insulation layer 223. The wiring metal layer is so patterned to form 
source and drain electrodes 213. as shown in Rg. 9J. 

55 Thus are formed the low. middle and high threshold pMOS transistors 231 . 232 and 233. and the low, middle and 
high threshold nMOS transistors 241. 242 and 243. 

Rg. 10 is a characteristic diagram illustrating relationships between the impurity concentration (cm* 2 ) in a channel 
region formed by the ion implantation and the threshold voltage (V). If the low threshold voltage is set at 0.1 V and 
the middle threshold voltage is set at 0.2 V, it is possbte to fabricate a high threshold voltage MOS transistor having a 
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threshold voltage of about 0.4 V. This method offers an advantage that the three threshold MOS transistors can be fab- 
ricated by the same process as the fabrication for the two threshold MOS transistors. Thus, the present invention has 
an advantage that the number of the process steps is not increased and the number of the masks is the same as that 
for fabricating the two threshold MOS transistors. 

5 

EMBODIMENT 2 

Fig. 11 shows a second embodiment of the present invention. In this embodiment, low threshold logic gates 150 
and 151 are interposed in a critical path between an input signal V, N and an output signal V 0UT . In addition, a middle 

10 threshold logic gate 152 is interposed in a non-critical path to which a signal like a control signal is input. Furthermore, 
a high threshold power switching transistor 153, which is turned on and off by a sleep control signal, is connected 
between the supply voltage V DD and the Virtual V DD line which is connected to the taw threshold logic gates 150 and 
1 51 and the middle threshold logic gate 1 52. This high threshold voltage transistor makes it possible to reduce the leak- 
age current of each of the gates 150, 151 and 152, thereby achieving the high operating speed and low power con- 

15 sumption in the operation mode, and the low power consumption in the sleeping mode. 

EMBODIMENT 3 

Fig. 1 2 is a block diagram showing a third embodiment of a logic circuit C2 in accordance with the present invention. 

20 The logic circuit C2 is an example of a sequential circuit to which the present invention is applied. It includes circuit 
blocks B1 , B2 and B3, and f designates an operation frequency. The circuit blocks B1 and B2 operate at the frequency 
f, and the circuit block B3 operates at the frequency f/4. Thus, the circuit blocks B1 and B2 determine the maximum 
operation frequency of the logic circuit C2. Here, IN1 , IN2 and IN3 each designate an input signal, OUT designates an 
output signal, and CK designates a clock signal. 

25 Fig. 13 shows a specific embodiment of a logic gate constituting the circuit block B1 or B2 in the logic circuit C2. 

The logic circuit C2 is an embodiment in which the present invention is applied to a sequential circuit, and its com- 
ponent circuit blocks B1 and B2 can be the same as the logic circuits L4-L9 constituting the logic circuit CI. In Fig. 13, 
the circuit block B1 is shown as having the same structure as the logic circuit L4. The circuit blocks B1 and B2, however, 
may have an arrangement different from the logic circuit L4. 

30 In Rg. 13, the circuit block B1 includes a low threshold voltage pMOS transistor 52 and a low threshold voltage 
nMOS transistor 53 connected in series connection, and the power supply line V D d is connected to a virtual high poten- 
tial power supply line 54 via a high threshold voltage pMOS transistor 51 . The other terminal of the nMOS transistor 53 
is grounded. 

Fig. 14 shows a specific embodiment of a logic gate constituting the circuit block B3 in the logic circuit C2. 
35 The circuit block B3 is composed of a high threshold voltage pMOS transistor 61 and a high threshold voltage 
nMOS transistor 62 like the logic circuit LI . 

In the logic circuit C2, the logic gates of the circuit blocks B1 and B2 are composed of the low threshold voltage 
MOS transistors 52 and 53. The circuit block B3. on the other hand, uses the high threshold voltage MOS transistors 
61 and 62 This is because the circuit block B3 is used in a portion other than the critical portion which determines the 
40 maximum operation frequency of the logic circuit C2, so that it can be composed of a circuit block synchronized with a 
clock signal having a lower frequency than the maximum operation frequency. With this arrangement, the power con- 
sumption in the circuit block B3 can be reduced. Thus, the total power consumption of the sequential circuit i.e., the 
logic circuit C2. can be reduce by an amount corresponding to the reduction in the circuit block B3. 

Further, the high threshold voltage MOS transistors 61 and 62 can be replaced by middle threshold voltage MOS 
45 transistors. In this case also, the power consumption in the circuit block B3 is reduced, and hence the total power con- 
sumption of the sequential circuit, the logic circuit C2, can be reduce by an amount corresponding to the reduction in 
the circuit block B3. 

Rg. 1 5 is a circuit diagram showing another embodiment of the circuit block B1 . 

The circuit block B1 . which can be considered as a modification of the logic circuit L4, includes a low threshold volt- 
50 age pMOS transistor 52a and a low threshold voltage nMOS transistor 53a connected in cascade. The power supply 
line Voo is connected to a virtual high potential power supply line 54 (Virtual V DD ) via a high threshold voltage pMOS 
transistor 51. 

In the circuit block B1 shown in Rg. 15, the transistors 51 , 52a and 53a have the SOI structure, and the low thresh- 
old voltage MOS transistors 52a and 53a are fully depleted transistors. 
55 In the fully depleted transistor, it is unnecessary for the substrate potential to be f ixed, and hence terminals or wiring 
for fixing the substrate potential can be obviated. "Not fixing the substrate potential of an MOS transistor means "mak- 
ing the body of an MOS transistor floating". Usually, the substrate potentials of an nMOS transistor and a pMOS tran- 
sistor are fixed at the ground level and the power supply VDD level, respectively. Thus, employing the fully depleted 
MOS transistors enables an area occupied by the logic gates to be reduced by an amount corresponding to the termi- 
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nals and wiring as compared with the conventional devices. 

Furthermore, the fully depleted transistor can also be used as the high threshold voltage MOS transistor 51 in the 
circuit block B1 as shown in Fig. 1 5. besides the low threshold voltage MOS transistors 52a and 53a. Moreover, the low 
threshold voltage MOS transistors 52a and 53a in the circuit block B1 as shown in Fig. 15 may be replaced by middle 
5 threshold voltage MOS transistors, and the fully depleted transistor can be employed as the middle threshold voltage 
MOS transistors. In this case, the fully depleted transistor can also be used as the high threshold voltage MOS transis- 
tor 51. 

The above description about the circuit block B1 can also be applied to the logic circuit L4 and so on. Thus, con- 
sidering the logic circuit L4, the transistors 41 , 42 and 43 may have the SOI structure, and the low threshold voltage 

10 MOS transistors 42 and 43 may be fully depleted transistors. Furthermore, the fully depleted transistor can also be used 
as the high threshold voltage MOS transistor 41 in the logic circuit L4, besides the low threshold voltage MOS transis- 
tors 42 and 43. Moreover, the low threshold voltage MOS transistors 42 and 43 in the logic circuit L4 may be replaced 
by middle threshold voltage MOS transistors, and the fully depleted transistor can be employed as the middle threshold 
voltage MOS transistors. In this case, the fully depleted transistor can also be used as the high threshold voltage MOS 

is transistor 41 . 

Generally speaking, a logic gate composed of low threshold voltage MOS transistors has a large power consump- 
tion, although its operating speed is high. In contrast, a logic gate composed of high threshold voltage MOS transistors 
has a smaller power consumption although its operating speed is lower. Among the logic gates in a logic circuit, some 
requires a higher operating speed, and others do not. In view of this background, the foregoing embodiments employ 

20 the low threshold voltage MOS transistors in portions requiring a higher operating speed to ensure the high operating 
speed of the logic circuit, while applying the high threshold voltage MOS transistors to portions having more margin for 
speed so as to reduce the power consumption of the latter portions, thereby reducing the total power consumption of 
the logic circuit As a result, the present invention can reduce the total power consumption of the logic circuit, while 
maintaining the required operating speed. 

25 Table 1 shows examples of the three types of threshold voltages of the MOS transistors in the foregoing embodi- 
ments. 



Table 1 



30 


MOS Transistor 


Threshold voltage 
|Vth|[V] 




High threshold voltage 


nMOS Transistor 


0.38 


35 


Middle threshold voltage 


nMOS Transistor 


0.26 


Low threshold voltage 


nMOS Transistor 


0.13 




High threshold voltage 


pMOS Transistor 


0.44 




Middle threshold voltage 


pMOS Transistor 


0.31 


40 


Low threshold voltage 


pMOS Transistor 


0.18 



Fig. 16 is a characteristic diagram showing the results of relationships between signal propagation delay times and 
45 the number of fan-outs for loads in three types of two input NAND circuits, each of which is composed of three types of 
MOS transistors respectively, as shown in Table 1 . The results were computed by the circuit simulation. 

The ratios of the propagation delay times of the three types of the two input NAND circuits each composed of the 
low threshold voltage, middle threshold voltage and high threshold voltage MOS transistors are 1 : 1 .32 : 1 .8. It is found 
that the leakage current can be reduced by about one order of magnitude by increasing the threshold voltage by about 
50 1 00 mV, in the case that a subthreshold characteristic (that is. a V D -I D characteristic when the gate voltage is less than 
the threshold voltage and the surface is in a weakly inverted state) is assumed to be S = 70mV/decade. 

Thus, if a MOS transistor in the logic circuit has a speed margin equal to or smaller than 1 .5. the middle threshold 
voltage MOS transistor can be used as that MOS transistor instead of the low threshold voltage MOS transistors which 
was used in the logic gate as one satisfying the required speed margin. Furthermore, if a MOS transistor has a speed 
55 margin equal to or smaller than 2.0. the high threshold voltage MOS transistor can be used as that MOS transistor 
instead of the low threshold voltage MOS transistors which was used in the logic gate as one satisfying the required 
speed margin. Replacing the low threshold voltage MOS transistors by the middle threshold voltage MOS transistors or 
high threshold voltage MOS transistors enables the leakage current in the operation mode to be reduced by one or two 
orders of magnitude as compared with that of the replaced MOS transistors, thereby reducing the total power consump- 
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tion of the logic circuit. 

Although the MOS transistors are classified into three types in terms of the threshold voltage in the foregoing 
embodiments, they can be classified into two types: a first MOS transistor having a threshold voltage lower than a pre- 
determined voltage; and a second MOS transistor having a threshold voltage equal to or higher than the predetermined 
5 voltage. Then, the first MOS transistors may be used as the MOS transistors operating at a high speed, and the second 
MOS transistors may be used as the MOS transistors having a larger speed margin. 

EMBODIMENT 4 

10 Fig. 1 7 shows a full adder LCi as a fourth embodiment of a logic circuit in accordance with the present invention. 
The full adder LCi includes gates G1 1-G12 for performing addition, a switching circuit SW1, a gate G14 for controlling 
the switching circuit SW1, middle threshold MOS transistors TR13 and TR14, and gates G13 and G15 for controlling 
the MOS transistors TR1 4 and TR13, respectively. The switching circuit SW1 includes a low threshold nMOS transistor 
TR1 1 functioning as a transfer gate for propagating a carry signal, and a low threshold nMOS transistor TR12 for con- 

15 trolling the low threshold nMOS transistor TR11. The switching circuit SW1 includes a first n-channel enhancement 
MOSFET TR1 1 having a source s connected to the signal input terminal Sin and a drain g* connected to the signal out- 
put terminal Sout. and a second n-channel enhancement MOSFET TR12 having a gate connected to the supply line 
virtual V Dr> a source s connected to the control terminal c and a drain d connected to the gate of the first n-channel 
enhancement MOSFET TR11 . The body of the nMOS transistor TR11 and the body of the nMOS transistor TR12 are 

20 made floating. The gates G11 -G15 are each composed of a middle threshold MOS transistor. In Fig. 1 7, Ai and Bi des- 
ignate adder inputs, Si designates an adder output, Cii designates a carry input and Coi designates a carry output. 

The operation of the full adder as shown in Fig. 17 will now be described. A carry propagation control signal at the 
terminal £ of the switching circuit SW1 can be expressed as c=Ai$+Bi using the input signals Ai and Bi. This means 
that c=T only when one of the input signals Ai and Bi is "1" and the other is "0", so that the low threshold MOS tran- 

25 sistor TR1 1 becomes a conductive state. As a result, the carry signal Cii fed from the previous stage is transferred to 
the output terminal Coi. When both the input signals Ai and Bi are either "0" or "1 the carry propagation control signal 
c falls "0", so that the transistor TR1 1 becomes a nonconductive state, and hence the carry signal Cii fed from the pre- 
vious stage is not transfened to the output terminal Coi through the transistor TR1 1 . In this case, one of the pMOS tran- 
sistor TR13 and the nMOS transistor TR14 which are connected to the carry output terminal Coi conducts so that the 

30 carry output terminal Coi is set at "1" or "0". 

An n-bit adder can be formed by cascade connection of n full adders shown in Fig. 1 7. In order to transfer the carry 
signal without attenuating its amplitude, the signal to the terminal c has to have been determined (that is, set at a high 
level) in each full adder before the cany input signal Cii arrives. 

In the n-brt adder, since the full adder takes a longer time period from the determination of the input bits to that of 

35 the carry input signal Cii as its bit position becomes higher, the gates G1 1 and G14 have a sufficient margin for speed. 
Accordingly, the operation of the gates G1 1 and G1 4 can be ensured, even if they are composed of the middle threshold 
MOS transistors. 

According to this embodiment the transfer gate is composed of the low threshold voltage nMOS transistor TR1 1 , 
so that the voltage drop of the carry signal can be reduced during the carry propagation. In addition, the voltage drop 

40 of the carry output can also be prevented, because the gate voltage of the transfer gate TR1 1 is boosted beyond the 
supply voltage Virtual V DD by controlling the transfer gate TR1 1 with the low threshold nMOS transistor TR12 function- 
ing as a booster transistor whose gate terminal is connected to the supply line Virtual V Dr> The gate electrode of the 
transistor TR12 may be connected to the main power supply V DD . instead of the virtual power supply Virtual V Dr> and 
this modification has the same effects. 

45 Figs. 18A and 18B are diagrams showing the waveforms computed by circuit simulation of the signals applied to 
the input terminal Sin and the control terminal c and of the signal at the output terminal Sout, using relatively high 
threshold voltage nMOS transistors as the transistors TR1 1 and TR12 in the switching circuit SW1 . 

As shown in Fig. 18A, if the signal arrives the control terminal c after the signal arrives the input terminal Sin, the 
signal at the output terminal Sout does not increase up to the supply voltage. On the contrary, as shown in Rg. 18B, if 

so the signal arrives the control terminal c before the signal arrives the input terminal Sin, the signal at the output terminal 
Sout rises to the supply voltage. 

Figs. 19A and 19B are diagrams showing the waveforms computed by circuit simulation of the signals applied to 
the input terminal Sin and the control terminal c, and of the signal at the output terminal Sout. using relatively low 
threshold voltage nMOS transistors as the transistors TR1 1 and TR12 in the switching circuit SW1 . 

55 Even if the signal arrives the control terminal q after the signal arrives the input terminal Sin, the effect of the voltage 
drop can be reduced by using the low threshold voltage MOS transistors as the transfer gate transistor TR1 1 , as shown 
in Fig. 19 A, as compared with the case where the high threshold voltage MOS transistors are used, as shown in Rg. 
18A. 

According to the present invention, the attenuation of the amplitude of the signal passing through the transfer gate 
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can be prevented. 

Fig. 20 shows an embodiment of a 4-bit adder arranged by cascade connection of the four adders LCi (i=0. 1 , 2 and 
3) as shown in Fig. 17. In Fig. 20. C OF designates an overflow output signal of the carry signal. In particular, the higher 
the bit position, the faster the carry propagation control signal than the carry signal. This offers an advantage of increas- 
5 ing the boosting effect of the booster transistor connected to the transfer gate, thereby achieving a higher operating 
speed. 

EMBODIMENT 5 

10 While in Fig. 17, the transistors TR11 and TR12 are nMOS transistors, Fig. 21 shows a fifth embodiment of the 
present invention where pMOS transistors are used as the transistors TR1 1 and TR1 2. In this embodiment, the inventor 
gate G13 is not required. The gate electrode of the transistor TR12 is connected to that ground GND, instead of the 
power supply line Virtual V DD . 

The present invention has been described in detail with respect to various embodiments, and it will now be appar- 

75 ent from the foregoing to those skilled in the art that changes and modifications may be made without departing from 
the invention in its broader aspects, and it is the intention, therefore, in the appended claims to cover all such changes 
and modifications as fall within the true spirit of the invention. 

Claims 

20 

1 - A logic circuit characterized by comprising: 

a first logic gate having at least one first MOS transistor and interposed in a signal path determining an oper- 
ating speed, said first MOS transistor having a threshold voltage lower than a predetermined voltage and oper- 
25 ating at a high speed; and 

one or plural remaining logic gates other than said first logic circuit having at least one of a second MOS tran- 
sistor and a third MOS transistor as a transistor having a margin for operating speed, said second MOS tran- 
sistor having a middle threshold voltage equal to or greater than said predetermined voltage, and said third 
MOS transistor having a high threshold voltage equal to or greater than said predetermined voltage. 

30 

2. The logic circuit as claimed in claim 1 , further characterized by comprising a fourth MOS transistor having a high 
threshold voltage interposed between a main power supply line and a terminal of at least one of said first and sec- 
ond MOS transistors on the side of a high potential power supply line. 

35 3. The logic circuit as claimed in claim 2, characterized in that said at least one first MOS transistor in said first logic 
gate includes a fifth MOS transistor constituting a transfer gate interposed in said signal path, and a sixth MOS tran- 
sistor for controlling said fifth MOS transistor, and characterized in that said one or plural remaining logic gate 
includes a second logic gate for determining an output of said fifth MOS transistor, and a third logic gate for con- 
trolling said sixth MOS transistor. 

40 

4. The logic circuit as claimed in claim 3, characterized in that said sixth MOS transistor has its drain terminal con- 
nected to a gate terminal of said fifth MOS transistor, its source terminal connected to an output terminal of said 
third logic gate, and its gate terminal connected to one of said high potential power supply line and said main power 
supply line on the ground. 

45 

5. The logic circuit as claimed in claim 1 or 2, characterized in that said first, second and third MOS transistors have 
a SOI structure, and characterized in that at least one of said low threshold voltage first MOS transistor and said 
middle threshold voltage second MOS transistor are a fully depleted MOS transistor. 

so 6. The logic circuit as claimed in claim 2. characterized in that said MOS transistors have a SOI structure, character- 
ized in that at least one of said low threshold voltage first MOS transistor and said middle threshold voltage second 
MOS transistor are a fully depleted MOS transistor, and characterized in that said high threshold voltage third MOS 
transistor is a fully depleted MOS transistor. 

55 7. The logic circuit as claimed in claim 3. characterized in that said frfth MOS transistor is a first first-conductivrty-type- 
charmel MOS enhancement transistor having a source connected to a signal input terminal of said transfer gate, 
and a drain connected to a signal output terminal of said transfer gate, characterized in that said sixth MOS tran- 
sistor are a second f irst-coreluctivrty-type-channel MOS enhancement transistor having a source connected to an 
output terminal of said third logic gate, a drain connected to a gate of said first firsl-condutfivrty-type-channel MOS 
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enhancement transistor, and a gate connected to said high potential power supply or the ground, and characterized 
in that a body of said first first-conductivity-type-channel MOS enhancement transistor and a body of said second 
first-conductivity-type-channel MOS enhancement transistor are both made floating. 

5 8. The logic circuit as claimed in claim 7, characterized in that said first first-conductivity-type-channel MOS enhance- 
ment transistor and said second f irst-conductivity-type-channei MOS enhancement transistor have a SOI structure. 

9. The logic circuit as claimed in claim 8, characterized in that said first f irst-comiuctrvity-type-channel MOS enhance- 
ment transistor and said second first-conductivity-type<hannel MOS enhancement transistor are of fully depleted 

w type. 

1 0. The logic circuit as claimed in any one of claims 4, 7, 8 and 9 characterized in that said one or plural remaining logic 
gates include a full adder for performing addition by receiving first and second input signals and a carry signal, said 
carry signal being supplied to said transfer gate, characterized in that said third logic gate controls to determine 

is whether or not said carry signal is output from said transfer gate in response to said first and second input signals, 
and characterized in that said second logic gate generates as an output of said transfer gate an output predeter- 
mined in accordance with said first and second input signals when said carry signal is not output from said transfer 
gate in response to said first and second input signals. 

20 11. The logic circuit as claimed in claim 2, characterized in that said at least one first MOS transistor having a lower 
threshold voltage includes a first and a second first-conductivity-type-channel enhancement MOS transistors, said 
first first-conductivity-type-channel enhancement MOS transistor having a source connected to a signal input ter- 
minal, and a drain connected to a signal output terminal; and said second firsl-conductivity-type-channel enhance- 
ment MOS transistor having a source connected to a control terminal, a drain connected to a gale of said first first- 

25 conductivity -type-channel enhancement MOS transistor, and a gate connected to a high potential power supply on 
the ground, characterized in that said first and second first-conductivity-type-channel enhancement MOS transis- 
tors, whose bodies are made floating, constitute a switching circuit as a transfer gate. 

12. A fabrication method for fabricating a logic circuit including a first logic gate having at least one first MOS transistor 
30 and interposed in a signal path determining an operating speed, said first MOS transistor having a threshold volt- 
age lower than a predetermined voltage and operating at a high speed; and 

one or plural remaining logic gates other than said first logic circuit having at least one of a second MOS tran- 
sistor and a third MOS transistor as a transistor having a margin for operating speed, said second MOS tran- 
35 sistor having a middle threshold voltage equal to or greater than said predetermined voltage, and said third 

MOS transistor having a high threshold voltage equal to or greater than said predetermined voltage, 
said fabrication method characterized by comprising the steps of: 

(A) forming MOS device regions for forming MOS transistors having low. middle and high threshold vott- 
40 ages, said MOS device regions being isolated from each other; 

(B) implanting impurity for a low threshold into said MOS device regions for forming said MOS transistors 
having the low and high threshold voltages; and 

(0) implanting impurity for a middle threshold into said MOS device regions for forming said MOS transis- 
tors having the middle and high threshold voltages. 

45 

1 3. The fabrication method as claimed in claim 1 2. characterized in that said step (A) forms in said MOS device regions 
first and second conductivity type MOS device regions, and characterized in that said steps (B) and (C) are carried 
out in said first conductivity type MOS device regions, and subsequently said steps (8) and (C) are carried out in 
said second conductivity type MOS device regions. 

50 

14. A fabrication method for fabricating a logic circuit including a first logic gate having at least one first MOS transistor 
and interposed in a signal path determining an operating speed, said first MOS transistor having a threshold volt- 
age lower than a predetermined voltage and operating at a high speed; 

55 one or plural remaining logic gates other than said first logic circuit having at least one of a second MOS tran- 

sistor and a third MOS transistor as a transistor having a margin for operating speed, said second MOS tran- 
sistor having a middle threshold voltage equal to or greater than said predetermined voltage, and said third 
MOS transistor having a high threshold voltage equal to or greater than said predetermined voltage; and 
a fourth MOS transistor having a high threshold voltage interposed between a main power supply line and a 
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terminal ol at least one of said first and second MOS transistors on the side of a high potential power supply 
tine. 

said fabrication method characterized by comprising the steps of: 

5 (A) forming MOS device regions for forming MOS transistors having low, middle and high threshold volt- 

ages, said MOS device regions being isolated from each other; 

(B) implanting impurity for a low threshold into said MOS device regions for forming said MOS transistors 
having the low and high threshold voltages; and 

(C) implanting impurity for a middle threshold into said MOS device regions for forming said MOS transis- 
10 tors having the middle and high threshold voltages. 

1 5. The fabrication method as claimed in claim 1 4, characterized in that said step (A) forms in said MOS device regions 
first and second conductivity type MOS device regions, and characterized in that said steps (B) and (C) are carried 
out in said first conductivity type MOS device regions, and subsequently said steps (B) and (C) are carried out in 
15 said second conductivity type MOS device regions. 
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